Abstract TR-mutant rats have an autosomal recessive mutation that is expressed as a severely impaired hepatobiliary secretion of organic anions like bilirubin-(di)glucuronide and dibromosulphthalein (DBSP). In this paper, the hepatobiliary transport of glutathione and a glutathione conjugate was studied in normal Wistar rats and TR-rats.
Introduction
Organic anions like bilirubin are efficiently cleared by the liver and secreted into bile. In the human Dubin Johnson syndrome this process is impaired, probably due to a canalicular secretion defect (1) . Recently we have described a rat strain with inherited, conjugated hyperbilirubinemia (TR-mutant rat), which resembles the human Dubin Johnson syndrome in many respects (2) . The biliary secretion of organic anions like conjugated bilirubin (3), dibromosulphthalein (DBSP)l (2, 4) , and sulfated and glucuronidated bile acids (5) is strongly reduced in this rat, whereas the secretion of taurocholate and cholate is normal (4) . The TR-rat may provide valuable information for the explanation ofinherited and acquired biliary secretion disorders. In addition, a comparison of secretion processes in the TR-rat and the normal rat may help to unravel the molecular mechanism of canalicular organic anion transport.
Within the group of compounds that are poorly secreted into bile of the TR-rat are also glutathione-conjugates like bromosulphthalein (BSP)-glutathione. It has been shown by different groups (6) (7) (8) (9) ) that glutathione itself is also secreted into bile of the rat. The reported biliary concentrations of glutathione vary from 1.8 to 4 mM (6) (7) (8) , but these values represent underestimations. Ballatori et al. (6) have demonstrated that as much as 50% of the biliary glutathione can be hydrolyzed by gamma-glutamyltranspeptidase (gamma-GT). Gregus et al. (9) recently reported a fivefold increase in the biliary glutathione concentration after inhibition of gamma-GT. Inoue et al. (10) have suggested from experiments with isolated canalicular plasma membrane vesicles, that (oxidized and reduced) glutathione and the conjugate dinitrophenyl-glutathione (GS-DNP) are transported via the same carner system. However, competition between reduced glutathione (GSH) and oxidized glutathione (GSSG) or GS-DNP has never been observed in vivo and in experiments with isolated, perfused livers. On the other hand, a clear competition between GSSG and GS-DNP has been demonstrated in the isolated, perfused rat liver (1 1). To investigate the nature of this transport system we have measured transport of GSH, GSSG, and GS-DNP in Wistar and TR-rats.
Methods Chemicals l-Chloro-2,4-dinitrobenzene (CDNB) was obtained from Janssen Life Sciences Products (Beerse, Belgium). Glutathione and glutathione reductase (from yeast) were from Boehringer (Mannheim, FRG) and gamma-glutamyl-p-nitroanilide from Merck (Darmstadt, FRG). '4C-labeled l-chloro-2,4-dinitrobenzene (specific radioactivity: 5.87 mCi/ mmol) and tritiated water were obtained from Amersham International (Houten, The Netherlands). ['4C]Methoxy-inulin was from New England Nuclear, Boston, MA. All chemicals were of analytical quality.
(Gunn), and GT-TR-double mutant rats of the same weight came from our own breeding colonies. These strains are characterized in references 2-4. All experiments were carried out with ad lib. fed rats.
Experimental procedures
Intact rats. Rats were anesthetized with pentobarbital (Nembutal, 50 mg/kg i.p.) and the common bile duct was cannulated using 0.9-mm tubing. The rats were placed on thermostatted heating pads to maintain their body temperature at 37°C. CDNB was dissolved in olive oil (10 Amol/50 ,l) and injected intravenously (through the portal vein).
Bile samples were acidified immediately during collection by immersion of the cannula in 10% perchloric acid (final concentration 3.5%) and placed on ice. For determination ofglutathione in liver tissue, the livers were perfused with Krebs buffer/bicarbonate for 5 min, excised, and freeze clamped in liquid nitrogen. The freeze-clamped tissue was homogenized and immediately acidified with perchloric acid to a final concentration of 3.5%. After centrifugation of the bile and liver samples the supernatants were neutralized with 3 M potassium phosphate and frozen to precipitate perchlorate completely. After thawing and centrifugation, the supernatants were analyzed. The concentration of GS-DNP was determined by measurement of the absorption at 335 nm, using a molar extinction coefficient for GS-DNP of 9.6 X 103 cm-mol-' (12) . To determine biliary metabolites of CDNB, ['4C]CDNB was diluted with unlabeled CDNB and injected intravenously as described above. Biliary ['4C]CDNB metabolites were analysed by thin layer chromatography as described by Awasthi et al. (13) . Samples were mixed with 2 vol 1-propanol, centrifuged and the supernatant was applied to thin-layer chromatography plates (Kieselgel 60; Merck). The plates were developed with 1-propanol/water (7:3) and dried. 0.5-cm lanes were scraped off, added to scintillation fluid (Instagel; Packard Instruments, Downers Grove, IL), and counted. In this procedure GS-DNP (fractional retention [Rf] = 0.38) was separated from ['4C]CDNB (Rf = 0.59), cysteinyl-DNP (Rf = 0.50), and glycinecysteinyl-DNP (Rf = 0.53).
Isolated perfused liver. Rats were anesthetized and cannulated in the common bile duct as described above. Subsequently, the liver was isolated and installed in a perfusion system exactly as described in reference 14. The weight ofthe livers varied from 12 to 18 g. Perfusion was carried out in an orthograde recirculating fashion with Krebs buffer/bicarbonate medium containing 0.5% BSA. The Krebs solution that we used consisted of 120 mM NaCl, 24 During the experiments, the cells were incubated in Krebs/bicarbonate containing 10 mM Hepes, pH 7.4, 1 mM octanoate, 10 mM glucose, and 0.5% BSA (essentially free of fatty acids). Incubation was carried out in 25-ml flasks in a gently shaken waterbath (37*C) under constant carbogene gassing. The incubation volume was 6 ml. Cells were added to a concentration of 10 mg/ml dry weight and preincubated for 15 min at 37°C. CDNB, dissolved in DMSO and diluted in Krebs/BSA, was added (the final DMSO concentration was 0.03% of the total incubation volume). After taking a sample of the suspension, cells were separated from the medium by centrifugation of an 0.6-ml sample through a 0.6-ml layer of ice-cold silicone oil ( (10) have demonstrated that in isolated canalicular plasma membrane vesicles the transport of GS-DNP is carrier mediated and that oxidized and reduced glutathione inhibit the transport of GS-DNP. From these observations they suggested that glutathione and GS-DNP are transported via the same canalicular carrier system. We have measured glutathione levels in bile and liver tissue of normal and mutant rats. Table I shows that bile of Wistar rats contains a considerable amount of oxidized and reduced glutathione and that glutathione is practically absent from bile of TR-rats (< 0.006 mM). In contrast, liver tissue of mutant rats contains a signifi- cantly higher glutathione concentration than that of the Wistar rat. Gamma-GT in the bile canaliculi and ductuli hydrolyzes glutathione in bile (21, 22) . To exclude the possibility that the difference in biliary glutathione concentration between normal and mutant rats is due to an elevated gamma-GT activity in TR-rats, the activity of this enzyme was measured in liver homogenates. The activity in Wistar rat and TR-rat liver was very similar: 0.058±0.014 ,mol/min * g liver in the Wistar rat and 0.076±0.021 ,umol/min * g liver in the TR-rat. To exclude increased metabolism ofglutathione in bile from TR-rats as a cause of the absence of glutathione, we have also determined the free amino acid composition of bile from rats of both strains. Table II shows some striking differences in amino acid levels between normal and mutant bile. First, there is a more than fivefold lower concentration of glutamate in bile of mutant rats than in control rats. This difference is most probably derived from hydrolyzed glutathione (6) and confirms that the strong reduction in biliary glutathione concentration is due to a reduced secretion in the TR-rat and not to increased hydrolysis of glutathione in bile. The concentration of some other amino acids like threonine, leucine, isoleucine, tyrosine, and phenylalanine is also about two-to fivefold reduced. The biliary concentration of the uncharged molecule urea is similar in both rats (6.8 mM and 7.3 mM in Wistar and TR-rats, respectively).
Sinusoidal and canalicular secretion of glutathione and GS-DNP in the isolated perfused liver. We have investigated the secretion of glutathione in the isolated, perfused liver. In this system, it is possible to compare sinusoidal and canalicular efflux rates. Table III shows that in the isolated, perfused liver of the TR-rat, there is almost no biliary secretion of glutathione. In contrast, the rate of appearance of glutathione in the perfusate is similar in both rat strains, indicating that sinusoidal efflux ofglutathione is not affected in the TR-rat. Bile flow in these experiments ranged from 0.6 to 1.1I.l/min * g liver in Wistar livers and from 0.15 to 0.33 Al/min -g liver in TRlivers.
In addition to glutathione, the secretion of GS-DNP was also studied in the isolated perfused liver. Fig. 2 shows a representative experiment (from a set of three). In this experiment, 20 gmol CDNB was added to the recirculating perfusate of either control (Fig. 2 A) or TR-rat liver (Fig. 2 B) . No GS-DNP was found in bile from the TR-liver. Average bile flow was 1.50 AI/min * g liver in the Wistar liver and 0.36 jI/min * g liver in the TR-liver. In the normal rat the amount of GS-DNP secreted into bile within 70 min is sixfold higher than that secreted into the perfusate (Fig. 2 A) . It is also clear from Fig. 2 that the amount of GS-DNP secreted into the perfusate of the control liver is lower than that in the perfusate of the mutant liver. We propose that this is due to the fact that the intracellular concentration of GS-DNP in the control liver is lower because of the fast biliary secretion. To test this hypothesis and to compare sinusoidal efflux of GS-DNP in both rat strains more rigorously, we have carried out exactly the same experiment as in Fig. 2 , with the difference that at the start of the experiment the bile duct was ligated. In this experiment the secretion of GS-DNP into the perfusate was similar in both types of liver, which confirms the fact that the secretion defect in the mutant liver is exclusively confined to the canalicular Secretion ofGS-DNP by normal and mutant isolated hepatocytes. Because transport through the canalicular membrane appears to be faster than efflux over the sinusoidal membrane, it may be expected that effilux from isolated hepatocytes derived from normal rat liver represents predominantly canalicular transport. This route is blocked in TR-rat liver; therefore efflux from isolated hepatocytes from TR-rats is expected to represent only sinusoidal transport and should be slower. To test this hypothesis we isolated hepatocytes from livers of both strains.
Firstly we examined the velocity of conjugation of CDNB within the isolated hepatocyte. Cells were incubated with ['4CJCDNB and after 30 s, the cells were separated from the medium. After 30 s, > 90% ofthe radioactivity had been taken up by the cells. Intracellular radioactivity was analyzed by thin-layer chromatography and as shown in Fig. 3 , all intracellular radioactivity cochromatographed with a '4C-labeled GS-DNP standard. Identical results were obtained in TR-hepatocytes. Glutathione S-transferase activity in liver homogenates with CDNB as substrate was similar in both strains (results not shown). It is clear from this experiment that conjugation of CDNB is extremely rapid and completed within 30 s.
Subsequently, the efflux of GS-DNP from isolated normal and mutant hepatocytes was measured. Fig. 4 shows two representative experiments. The cells (10 mg dry weight/ml) were incubated in Krebs/bicarbonate with 0.5% BSA and 100 gM CDNB was added to the medium. After the indicated time period, samples were taken and centrifuged through a layer of silicone oil to separate cells from medium. In the experiment shown in Fig. 4 A, efflux from control Wistar cells (GT+TR+) was compared with that from transport-mutant (GT+TR-) cells. In the figure, the amount of GS-DNP is depicted that is found in the medium after the indicated time. It is clear that Figure 3 . Analysis of intracellular metabolites of CDNB after addition to isolated hepatocytes. Hepatocytes (10 mg dry weight/ml) were incubated with 100 uM [I4C]CDNB and after 30 s, the cells were separated from the medium by centrifugation through oil. The intracellular radioactivity was analyzed by TLC as described in Methods. Chromatographic behavior was compared with radioactive standards of CDNB and GS-DNP.
efflux from control cells is considerably faster than from mutant cells. Fig. 4 B shows that very similar results were obtained when glucuronyltransferase-deficient Gunn (GT-TR+) rat cells and double mutant (GT-TR-) cells were used, respectively. The latter hybrid strain of rats was obtained by crossing the Gunn rat (GT-) with the TR-mutant (3) . The advantage of this double mutant rat is that bilirubin glucuronides do not accumulate in the liver, which could possibly interfere with transport of organic anions. The GT-TR-rat is a cleaner experimental model when compared with the GT-TR+ rat: both rats have a high level of unconjugated bilirubin in their serum and liver.
The experiments of Fig. 4 only give a qualitative impression of the differences in efflux between normal and mutant rats. The time interval of measurement was too long to calculate the initial efflux rates in the two strains. This was, how- ever, done in a separate set of experiments with a number of different cell preparations, as shown in Table IV . In these experiments a standard assay was used in which the secretion of GS-DNP was measured from 30 s to 2.5 min after the addition of 100 AM '4C-labeled CDNB (Fig. 5 ). As described above, the conjugation of CDNB is completed within 30 s. At the end of these experiments, the cellular GSH concentration was determined and GSH depletion under these conditions was never > 50% of the initial level. In addition, under these experimental conditions no increased LDH leakage from the cells was observed.
The kinetic parameters for secretion of GS-DNP (Vma. and Ki) from hepatocytes of Gunn rats and GT-TR-double mutants were subsequently determined. Hepatocytes were incubated with '4C-labeled CDNB, diluted with different amounts of unlabeled CDNB and the initial efflux rate of label from the cells was measured as described above. In separate but identical experiments the intracellular volume was determined for hepatocytes of both strains (GT-TR+ and GT-TR-). Because all CDNB is taken up by the cells and completely conjugated to GS-DNP, the intracellular concentration of GS-DNP at the start of the efflux measurement could be calculated (see Methods). Fig. 6 shows a double reciprocal plot of the relation between substrate concentration and initial secretion rate of GS-DNP. The Vmx's were 1,514 and 498 nmol/min g dry weight in cells from Gunn (GT-TR+) rats and GT-TR-double mutants, respectively. The Km's were 0.92 and 3.3 mM (intracellular GS-DNP) for cells from Gunn rats and the GT-TR-double mutants, respectively (average values from three experiments). Thus, the Vma, of transport of GS-DNP from cell to medium is threefold reduced in hepatocytes from GT-TR-rats and the Km is increased almost fourfold. GS-DNP secretion by isolated hepatocytes after preloading of the cells at reduced temperature. In the experiments described above, efflux of GS-DNP from hepatocytes was measured 30 s after incubation of the cells with CDNB. We have shown (Fig. 3 ) that within this time period a complete conjugation of the substrate to GS-DNP took place. This allows us to interpret the effiux of GS-DNP from the cells as an initial efflux rate. To validate this assay system further, we carried out an additional set of experiments in which we preloaded the cells with GS-DNP at reduced temperature. In the experiment of Fig. 7 , the initial efflux rates of GS-DNP from the cells was measured at different temperatures. It is clear that the efflux is highly temperature dependent and completely inhibited The results of this set of experiments is given in Table V . The initial efflux rates that were obtained with this method were not different from those described in Table IV .
Discussion
The data presented in this paper clearly demonstrate that the biliary secretion of glutathione and a glutathione-conjugate is severely impaired in mutant TR-rats. It has been shown previously that this rat is unable to secrete BSP (2), bilirubin glucuronides and DBSP (3, 4) , cysteinyl-leukotrienes (23), and glucuronidated and sulfated bile acids (5 Our experiments with isolated hepatocytes demonstrate that the defect of the TR-mutant rat is also expressed at the level of the isolated single cell. These results indicate that the defect lies within the cell and that extracellular mechanisms, like increased permeability of tight junctions, can be excluded as the cause of the defect. Theoretically, the defect in the mutant rat could also be caused by a redistribution of canalicular carrier molecules over the other plasma membrane domains of the hepatocyte as occurs after bile duct ligation (24) . Our experiments with isolated hepatocytes also exclude this possibility. Lindwall and Boyer (25) suggest that the secretion of GS-DNP from hepatocytes in maintenance culture predominantly occurs via a canalicular transport system. Our results strongly support this concept. The data obtained with the isolated, perfused liver confirm that the secretion defect in the TR-rat liver is restricted to canalicular secretion. Sinusoidal efflux is normal. Therefore, the finding that efflux from isolated hepatocytes from TR-rat liver is significantly impaired confirms the assumption that GS-DNP efflux from isolated hepatocytes is mainly governed by canalicular transport pathways. Therefore, the residual efflux of GS-DNP from TR-rat liver cells may predominantly represent sinusoidal pathways.
We have also measured the secretion ofGSH from isolated normal and mutant hepatocytes. Although on basis of our findings with the isolated, perfused liver it might be expected that GSH secretion from mutant hepatocytes is slower than from normal hepatocytes, we did not find a significant difference. Two explanations can be given for this observation. Firstly, the sinusoidal secretion rate ofGSH is higher than that into the canaliculus. Thus, GSH secretion from isolated hepatocytes mainly consists of sinusoidal secretion and the absence of canalicular secretion will have relatively little effect on the total GSH secretion. Secondly, the GSH concentration in liver (and isolated hepatocytes) of the TR-rat is significantly higher than in the control liver. Thus, secretion via the sinusoidal system in TR-hepatocytes may be higher than in control hepatocytes, thereby masking the absence of canalicular secretion.
That virtually no glutathione is found in bile from the TRrat does not necessarily mean that canalicular secretion of glutathione is completely absent. Several groups have shown that extensive hydrolysis ofglutathione occurs in bile (6, 9, 26, 27) . This hydrolysis is catalyzed by gamma-GT (6, 9) . If this enzyme is saturated at glutathione concentrations found in normal bile, as has been suggested by Gregus et al. (9) , a decrease in the biliary glutathione concentration will lead to relatively more hydrolysis and this effect will be enhanced by the lower bile flow in the mutant rat. This, however, can only partly explain the strong reduction in biliary concentration of glutathione that we observe. The decreased biliary glutathione concentration is accompanied by a decreased biliary glutamate concentration and an elevated intracellular glutathione concentration. This suggests that the mutation concerns a genuine secretion defect of GSH. The increased intracellular GSH concentration may not be solely due to accumulation of the tripeptide. Indirect factors like increased precursor amino acid availability may enhance the effect.
The elevated intracellular glutathione concentration in the mutant rat is not accompanied by a significantly increased sinusoidal secretion of glutathione in the isolated, perfused liver. This is in accordance with the observations of Ookhtens et al. (28) that under normal conditions, the sinusoidal secretion system is nearly saturated so that an increase in the intracellular GSH concentration will have a relatively small effect on the sinusoidal secretion rate. The GSH secretion rates that we find in the isolated perfused liver are, however, lower than those found in other studies (28, 29) . We do not have a clear explanation for this, although our experiments have been per-formed with rats that were older (> 300 g) and of a different strain (Wistar vs. Sprague-Dawley).
Ballatori et al. (6, 30) found that injection of BSP in rats decreases the concentration of glutamate in bile, which is derived from glutathione. However, they also observed an unexplained effect of BSP on the secretion of a number of other amino acids, like phenylalanine, tyrosine, and the branchedchain amino acids, which are not involved in glutathione metabolism. This is in agreement with our observations that the secretion ofa number ofamino acids is reduced in the TR-rat. We propose that these amino acids are partly secreted into bile via the affected transport system. The effect ofthe mutation on amino acid secretion is, however, relatively small (two to threefold reduction in biliary concentration) compared with the reduction in transport of compounds like dinitrophenylglutathione (> 10-fold, see Fig. 1 ) and bilirubin diglucuronide (10-fold) (3). This may indicate that the affected transport system is not the only transport system through which amino acids can be secreted into bile.
